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Abstract 
Clean surfaces of the single crystalline ȕ-FeSi2 have been prepared and investigated by means of surface analysis techniques. X-
ray photoelectron spectroscopy of the surface oxide reveals that the surface Si is mainly oxidized while Fe isn't. After removing
the surface oxide, clean surface can be obtained showing well-defined atomic features in low-energy electron diffraction and 
scanning tunneling microscopy. No drastic surface reconstruction is found possibly reflecting strong Fe-Si bond. Density 
functional theory calculation suggests the spin polarized surface electronic density of states when Fe comes at the surface, 
although such a situation seems to be unlikely. 
© 2010 Published by Elsevier B.V. 
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1. Introduction 
Wide variety of applications of semiconducting ȕ-FeSi2, such as optoelectronic devices [1], thermoelectric 
devices [2], magnetic devices [3] and solar cells [4], has been proposed. For such devices, nanoscopic properties of 
the surfaces and interfaces often become quite important. Here we investigated the surfaces of the single-crystalline 
ȕ-FeSi2, which has yet been well understood so far. Basic subjects such as (a)preparation methods of the clean 
surface, (b)surface structure and stoichiometry and (c)surface electronic structure including spins, are discussed. 
Surface composition was examined by X-ray photoelectron spectroscopy (XPS). Surface structure was investigated 
by low-energy electron diffraction (LEED) and scanning tunnelling microscope (STM). Surface electronic structure 
was also investigated by means of the calculations based on the density functional theory (DFT).      
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2. Experiment 
      Millimetre-wide ȕ-FeSi2 single crystal synthesized by Udono et al. was used as a specimen. The crystal is n-
doped with Ga dopant (5x10-19 cm-3) [5]. (100), (101) and (110) faces of the single crystal were prepared through 
mechanical polishing followed by chemical etching with HF and HNO3 (HF: HNO3: H2O = 1: 1: 20 for 1 min at 
25 ͠, then rinsed in ultra-pure water). The crystal was further cleaned in situ by means of radiation heating in an 
ultra-high vacuum (UHV). Surface temperature was measured with a thermocouple attached to the sample holder 
and pyrometer (emissivity=0.65). The accuracy of the measured temperature was ±20°C.  
3. Results and discussion 
       The native surface oxide of the single-crystalline ȕ-FeSi2 after polishing and etching is examined by XPS depth-
profile. Fig.1 (a) and (b) display the series of XPS spectra of Si 2p and Fe 2p during Ar-ion (2 keV) sputtering of 
surface oxide. In our sputtering condition, 20 minute of sputtering corresponds to the removal of approximately 0.2 
nm of the surface oxides.       
       It is found that the SiO2 peak (binding energy of 103 eV) found in the beginning becomes smaller and shifts 
toward lower binding energy, and finally disappears, as in the case of the natural oxide of Si surface. This indicates 
that near surface region is fully oxidised while subsurface region isn't. Total thickness of the surface oxide should be 
around 1.2 nm. The thickness and composition of surface oxide of the single crystalline ȕ-FeSi2 is similar to that of 
the thin film fabricated by the ion beam sputter deposition (IBSD) [6]. On the other hand, Fe peak doesn't shift 
during removal of the oxide, showing that Fe is rather inert against oxidization. Almost same behaviour was seen 
when the crystal is cleaned by the heating treatment in UHV up to 850 °C [7]. Both sputtering and heating treatment 
resulted in same final XPS spectrum, indicating that the surface oxides can be removed easily by both ways.  
       The structures of (100), (101) and (110) surfaces prepared by heating treatment are characterized by LEED and 
STM as shown in fig.2 [7]. It is confirmed that the experimentally obtained surface symmetry is same as the 
truncated face of the bulk lattice model shown in fig.2 (b). This indicates that the surface reconstruction is absent or 
quite small for this material, reflecting a strong bonding between Si and Fe.  
      The important question here is which element comes just at the surface. Recent investigations suggest Si-
terminated surface is more stable for all surface orientations [8, 9]. From STM points of view, it is difficult to 
determine which atoms are imaged. This is because the atomic arrangements of Fe and Si are almost same for (101) 
and (110) surface. However, the arrangements of Si and Fe atoms are clearly different in the (001) face. The STM 
contrast of (100) surface is rather similar to the arrangement of Fe, although it seems to be unlikely. Since the STM 
contrast is determined by the spatial distribution surface electronic density of states (DOS), it does not necessarily 
reflect surface atomic position. It is also considered that the strongly hybridised wave function at the surface can 
differ drastically from the surface topography. Further studies are required to determine surface chemical species 
and STM contrast of surface.    
Fig.1. XPS depth-profile spectra of (a) Si 2p and (b)Fe 2p, during Ar-sputtering. 
(a) (b) 
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       In order to shed more light on the surface properties of ȕ-FeSi2, density functional theory (DFT) calculation was 
performed. Calculation is done with VASP code with the projector augmented wave (PAW) potential. Cut-off 
energy and k-point in the calculation were set to 500 eV and 7x7x7, respectively. We confirm that the calculated 
total DOS of the bulk well reproduces previous result [10]. Fig.3 (a) and (b) show that the DOS around EF, to which 
STM is sensitive, is mainly consist from the d orbital of Fe. It is also found that the spatial distribution of the surface 
charge density (not shown) tends to concentrate above the subsurface Fe, even though surface is terminated by Si 
plane. This is one of the possible explanation of the STM contrast.      
       DFT calculation also confirms that the atomic displacement in the surface is so small for (101), (110) surfaces, 
confirming the absence of the surface reconstruction. This is rather rare among the compound semiconductors. On 
(100) surface, however, very small displacement of surface Si is found, as shown in fig.3(e).Although the 
displacement is not very clear, the displacement tends to form smaller unit cell changing the surface symmetry. The 
resulting centred symmetry should result in a characteristic distinction of several diffraction spots around gamma 
point in the LEED image, which is indeed seen as shown in Fig. 2(a). Although the surface displacement in (100) is 
not negligible, electronic features at the surface stay almost unchanged against the displacement. This also suggests 
that the reconstruction and re-distribution of the charge density requires large energy reflecting very strong Fe-Si 
bond of this material.      
      Finally in order to explore spin polarization at the surface, we examine the partial DOS (PDOS) at surface atoms. 
When the surface is terminated by Si, no clear signature of the spin polarization is found in the PDOS of any atoms 
including topmost Si as shown in Fig.3 (c). However, surface spin polarization is found when Fe atom comes at the 
surface. The PDOS at the topmost Fe atoms shown in fig.3(d) is clearly spin-polarized, while other Fe or Si atoms 
don't show any spin polarization. This surface spin polarization found at the topmost Fe could be due to broken 
inversion symmetry at the surface. It is also noted that the band gap is absent in the local DOS of the surface Fe.  
The calculation suggests that the surface electronic structure can be modified substantially, if the surface of ȕ-FeSi2
can be modified.  
     The presented surface analysis calls for further investigation of the nanoscopic properties of ȕ-FeSi2, especially 
on the determination and modification of surface atomic species. Such works will open new fields of application of 
this material. 
Fg.2. (a)LEED images of clean surfaces 
prepared by heating treatment. Beam energy = 
120 eV. (b) models of corresponding surfaces 
(c) 3.5 nm3.5 nm-STM images of clean 
surfaces. Bias voltage = 1 V, Tunneling 
current=1 nA. 
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4. Conclusions 
      Clean surfaces of the single crystalline ȕ-FeSi2 have been prepared and investigated. From XPS measurements 
of the surface oxide, it is found that the surface Si is mainly oxidized while Fe isn't. After removing the surface 
oxide, clean surface can be obtained showing characteristic structure for ȕ-FeSi2. No drastic surface reconstruction 
is found reflecting strong Fe-Si bond. DFT calculation suggests the spin polarized surface DOS when Fe comes at 
the surface.         
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Fg.3. (a), (b) Calculated DOS of bulk ȕ-FeSi2.
Black line is Fe-3d component. Blue and red 
lines represent Si 2s and 2p component. (c), 
(d) PDOS of surface Fe atom and Si atom, 
respectively. (e) Relaxation of Si surface 
plane. Arrows represent the surface unit 
vectors.
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